Abstract. The current study aimed to explore the neural substrate for atomoxetine effects on attentional control in school-aged children with attention deficit hyperactivity disorder (ADHD) using functional near-infrared spectroscopy (fNIRS), which can be applied to young children with ADHD more easily than conventional neuroimaging modalities. Using fNIRS, we monitored the oxy-hemoglobin signal changes of 15 ADHD children (6 to 14 years old) performing an oddball task before and 1.5 h after atomoxetine or placebo administration, in a randomized, double-blind, placebo-controlled, crossover design. Fifteen age-, gender-, and intelligence quotientmatched normal controls without atomoxetine administration were also monitored. In the control subjects, the oddball task recruited the right prefrontal and inferior parietal cortices. The right prefrontal and parietal activation was normalized after atomoxetine administration in ADHD children. This was in contrast to our previous study using a similar protocol showing methylphenidate-induced normalization of only the right prefrontal function. fNIRS allows the detection of differential neuropharmacological profiles of both substances in the attentional network: the neuropharmacological effects of atomoxetine to upregulate the noradrenergic system reflected in the right prefrontal and inferior parietal activations and those of methylphenidate to upregulate the dopamine system reflected in the prefrontal cortex activation.
Introduction
Attention deficit hyperactivity disorder (ADHD) is the most prevalent psychiatric disorder of childhood, with a prevalence rate estimated to be between 3% and 7%.
1,2 ADHD is characterized with heterogeneous phenotypes, including age-inappropriate inattention, impulsivity, and hyperactivity. ADHD symptoms are most often identified during early elementary school years. [3] [4] [5] [6] ADHD patients often suffer from academic difficulties and develop antisocial behaviors that result from emotional and social problems associated with ADHD-related core symptoms. 7 The disorder persists into adolescence and adulthood in 65% to 85% of cases, leads to impaired educational and vocational performance, and increases the risk of developing antisocial behaviors that are not directly related to ADHD. 8 Furthermore, ADHD during childhood can robustly predict later depression and suicidal risk in adolescence and adulthood. 9 Therefore, early identification with appropriate treatment of ADHD in childhood is essential to maintain a sufficient quality of life over a long duration of time. 10, 11 The stimulant drug methylphenidate (MPH) and the nonstimulant drug atomoxetine (ATX) have been the most frequently prescribed medications to treat inhibition-and attention-related dysfunctions in ADHD children. [12] [13] [14] [15] [16] Both substances act as monoamine agonists and increase the release of dopamine (DA) and noradrenaline (NA). 17, 18 More specifically, MPH inhibits catecholamine reuptake by blocking their transporters. 17, 18 However, ATX and MPH affect the DA and NA systems to different degrees. Indeed, the dissociation constant value, or K(i), of MPH to DA is 34 nM, while that to NA is 339 nM: MPH has a higher affinity to DA than to NA by 10-fold. 19 Given these biochemical characteristics, the major target of MPH is considered to be the DA system involving prefrontal and striatal regions. 20 On the other hand, ATX, an approved nonstimulant medication for ADHD, is a highly selective NA reuptake inhibitor. 21 The affinities of ATX to DA and NA transporters in terms of K(i) are 1451 and 5 nM, respectively: ATX has a 300-fold higher specificity to NA than to DA. 19 Thus, ATX is considered to have a far larger effect on the NA system involving the prefrontal, parietal, and coeruleus areas. 22 However, physiological examination of NA transmission has been limited to animal models, and no studies are available for humans because of the lack of suitable radiotracers with adequate binding specificity characteristics. 23, 24 One promising tool for clarifying the differences in neuronal substrate for both substances would be neurofunctional examination using functional near-infrared spectroscopy (fNIRS). fNIRS, which is convenient and robust, is suitable for the functional monitoring of children with ADHD who have difficulty performing active cognitive tasks in the enclosed environments of other imaging modalities. In fact, the cumulative postscan exclusion rate of our previous fNIRS studies (all studies) [25] [26] [27] [28] was <5% of a total of 66 right-handed ADHD children and 54 control subjects including six year olds. [25] [26] [27] [28] This is far lower than the rejection rate of functional magnetic resonance imaging (fMRI) studies, which is typically 50% for ADHD subjects six years old and older and 30% for the corresponding normal controls. 29 This is mainly due to motion and lack of compliance. 30 In order to clarify the differences in the neuronal substrate for both substances, our previous studies have aimed to assess the pharmacological neuromodulation of inhibitory control (using go/no-go tasks) by MPH 25, 26 and ATX, 28 and of attention control (using oddball tasks) by MPH, 27 using a randomized, doubleblind, placebo-controlled, crossover design, with fNIRS measurement. In summary, we first detected brain activation in the right middle frontal gyrus/inferior frontal gyrus (MFG/IFG) during go/no-go tasks [25] [26] [27] [28] and in the right MFG/IFG and inferior parietal lobe (IPL) during oddball tasks 27 in healthy control subjects. These activation patterns were consistent with the results of previous fMRI studies and were considered especially important for inhibitory control 18 and attention control. 31, 32 Subsequently, we examined the neuroactivation of ADHD children. In premedicated ADHD children, the right prefrontal and/or parietal activations associated with attentional control and inhibition were missing. On the other hand, in post-MPH and ATX administration ADHD groups, functional normalization was observed, using fNIRS, in the right MFG/IFG during go/no-go tasks. 25, 26, 28 These activation patterns were consistent with the results of previous fMRI studies. 33, 34 In essence, the right prefrontal dysfunction in ADHD children was normalized by MPH for both inhibitory and attentional controls, and by ATX for inhibitory control.
One final piece is missing here: the effect of ATX on attentional control. We can anticipate two possibilities. First, as in the case of MPH studies on attentional control, the right IFG/MFG dysfunction could be normalized. This possibility is supported by the results of our previous ATX study on inhibitory control showing the normalization of the right IFG/MFG but not of parietal dysfunction. 27 However, we must consider that ATX predominantly affects the NA system where parietal as well as frontal contributions are important. 22 It is possible that the ATX-mediated right prefrontal functional normalization is particular to inhibitory control and may not be extended to attentional control. If this is the case, ATX should lead to normalization of both right prefrontal and parietal dysfunctions.
In order to ascertain which of these possibilities is applicable, we conducted a randomized, double-blind, placebo-controlled study employing an oddball task to evaluate ATX-related specific neuroactivation in ADHD children using fNIRS analysis. To our knowledge, this is the first neuropharmacological examination of ATX effects on attention control in ADHD children, 23 including fMRI and fNIRS studies.
Methods

Subjects
Fifteen clinically referred, right-handed Japanese children who met the Diagnostic and Statistical Manual of Mental Disorders-IV criteria for ADHD with a mean age of 9.9 years (SD 2.1, range 6 to 14 years) participated in the study (Table 1) . The Wechsler Intelligence Scale of Children-Third Edition full intelligence quotient (IQ) scores of subjects were all >70 (mean 97.1, SD 9.3, range 84 to 110). We describe demographic and clinical characteristics of the patients in Table 1 . The subjects had been taking ATX (5 to 50 mg∕day) for between 2 months and 3.5 years. All patients were premedicated with ATX as part of their regular medication regimen. Specific acute doses were the same as the patient's daily dose as described in Table 1 . Fifteen right-handed control subjects were matched with the ADHD subjects according to gender (12 boys and 3 girls), age (mean 10.1 years, SD 1.7, range 7 to 13 years), and IQ (mean 104.1, SD 10.9, range 85 to 121). All children and their parents gave oral consent for participation in the study, and written consent was obtained from the subjects' parents. The study was authorized by the Ethics Committees of Jichi Medical University Hospital and the International University of Health and Welfare, and designed in accordance with the latest version of the Declaration of Helsinki. We registered this study with the University Hospital Medical Information Network Clinical Trials Registry (UMIN-CTR; UMIN000014036) as "Clinically-oriented monitoring of acute effects of Atomoxetine (ATX) on cerebral hemodynamics in ADHD children: an exploratory fNIRS study using a target detection task."
Experimental Design
We adopted a visual-based oddball task that represents measures of attention. The task consists of detection of and response to infrequent (oddball) target events included in a series of repetitive events. An oddball task is often referred to as a response selection task. The effects of ATX while the subjects performed oddball tasks were examined in a randomized, double-blind, placebo-controlled, crossover study. We summarize the experimental procedure in Fig. 1 .
ADHD subjects were examined twice (the times of day for both measurements were scheduled to be as close as possible), at least two days apart, but within 30 days. Control subjects underwent only one examination and did not receive medication. ADHD subjects performed two sessions on each examination day, one before medication (ATX or placebo) administration, and the other at 1.5 h after medication administration. Subjects were permitted to take off the probe during the resting period between the first and second measurements. After ADHD subjects underwent the first session, either ATX (Strattera, Eli Lilly and Co., Indianapolis, Indiana, USA) or a placebo was administered orally. Specific acute doses were the same as the patient's daily dose as described in Table 1 .
The experimental design was as previously described. 27 During the session, subjects viewed a series of pictures once every second and responded by pressing a key for every picture. Each session consisted of six block sets, each containing alternating baseline and oddball blocks. In the baseline block, we presented subjects with one picture and asked them to press a red button on a response box for that picture. Following the baseline block, we presented tiger (standard stimulus, 80% of trials) or elephant (target stimulus, 20% of trials) pictures sequentially for 200 ms with an interstimulus interval of 800 ms. A target versus standard ratio of 20:80 was selected so as to maintain consistency with former neuroimaging studies. [35] [36] [37] [38] [39] [40] [41] [42] The total number of trials, presented in a single run, was 325. Participants were instructed to respond to the standard stimuli (tiger) by pressing a red button and to target stimuli (elephant) by pressing a blue button on the response box. The blue button was located next to the red button on the response box. Specific instructions (in Japanese) were as follows: "For this task, you will be shown tigers and elephants on the computer screen. You should press the red button for tigers and press the blue button for elephants, as quickly as possible. Don't forget that you want to be prompt but also accurate, so do not go too fast." Participants responded using the forefinger of their right hand. Each session consisted of six block sets, each containing alternating baseline and oddball blocks. Each block lasted 25 s and was preceded by instructions displayed for 3 s to inform the subject of the new block, giving an overall block-set time of 56 s and a total session time of 6.0 min. Each subject performed a practice block before any measurements to ensure their understanding of the instructions.
To reduce habituation, we made four versions with different picture and button combinations: red button in baseline blocks and elephant red button/tiger blue button (target stimulus/ standard stimulus) (version 1) or tiger red button/elephant blue button (version 2) in oddball blocks, blue button in baseline blocks and elephant red button/tiger blue button (version 3) or tiger red button/elephant blue button (version 4) in oddball blocks. These four versions were randomly allotted for ATX and placebo conditions.
We generated stimuli and collected responses using E-Prime (version 2.0; Psychology Software Tools, Inc., Sharpsburg, Pennsylvania). Stimuli were presented to the subject on a 17-in. desktop computer screen. The distance between the subject's eyes and the screen was ∼50 cm.
Behavioral Data Analysis
The average reaction times (RT) for correct trials, commission error rates, and omission error rates were calculated, respectively, for target and standard trials in the oddball block for control and ADHD subjects. We calculated the mean RT for each participant by averaging the RT for correct target trials. We calculated commission error rates by dividing the number of commission errors (i.e., subjects pushed the incorrect button) by the total number of target trials. We computed omission error rates by dividing the number of omission errors (i.e., subjects failed to push any button) by the total number of target trials. The statistical threshold was set at p < 0.05.
fNIRS Measurements
We utilized the multichannel fNIRS system ETG-4000 (Hitachi Medical Corporation, Kashiwa, Japan) with two wavelengths of near-infrared light (695 and 830 nm). Optical data based on the modified Beer-Lambert law 43 as previously described was analyzed. 44 Signals reflecting the oxygenated hemoglobin (oxy-Hb), deoxygenated hemoglobin (deoxy-Hb), and total hemoglobin (total-Hb) signal changes were computed in units of millimolar-millimeter (mM-mm). 44 The fNIRS probes were set to cover the lateral prefrontal cortices and inferior parietal lobe in reference to previous studies. [45] [46] [47] [48] [49] Specifically, we used two sets of 3 × 5 multichannel probe holders, consisting of eight illuminating and seven detecting probes installed alternately at an interprobe distance of 3 cm. This resulted in 22 channels (CH) per set (Fig. 2) .
The midpoint of a pair of illuminating and detecting probes was defined as a channel location. We placed the bilateral probe holders in the following manner: (1) their upper anterior corners, where the left and right probe holders were connected by a belt, were symmetrically placed across the sagittal midline; (2) the lower anterior corners of the probe holder were placed over the supraorbital prominence; and (3) the lower edges of the probe holders were attached at the upper part of the auricles (Fig. 2) .
For spatial profiling of fNIRS data, we adopted the probabilistic registration method 50, 51 to register fNIRS data to Montreal Neurological Institute (MNI) standard brain space. Specifically, the positions for channels and reference points, which included the Nz (nasion), Cz (midline central), and left and right preauricular points, were measured using a three-dimensional digitizer in real-world (RW) space. We affine-transformed each RW reference point to the corresponding MRI-database reference point and then replaced them to MNI space. Adopting the same transformation parameters allowed us to obtain the MNI coordinate values for the fNIRS channels in order to obtain the most likely estimate of the location of given channels for the group of subjects, and the spatial variability associated with the estimation. 52 Finally, the estimated locations were anatomically labeled using a MATLAB ® function that reads anatomical labeling information coded in a macroanatomical brain atlas [LBPA40 (Ref. 53 ) and Brodmann 54 ].
Analysis of fNIRS Data
The individual timeline data for the oxy-Hb and deoxy-Hb signals of each channel were preprocessed with a first-degree polynomial fitting, a 0.01-Hz high-pass filter to exclude baseline drift, and a 0.8-Hz low-pass filter to exclude heartbeat pulsations. Hb signals thus obtained do not directly represent cortical Hb concentration changes, but include an unknown optical path length that cannot be measured. Direct comparison of Hb signals among different channels and regions should be avoided because the optical path length is known to vary among cortical regions. 55 Therefore, channel-wise statistical analyses were performed in the current study. For the six oddball blocks, the motion of the subjects was monitored and the blocks with sudden, obvious, discontinuous noise were removed. Channel-wise and subject-wise contrasts were obtained by computing the intertrial mean of differences between the peak Hb signals (4 to 25 s after trial onset) and baseline (0 to 10 s before trial onset) periods from the preprocessed time series data. These contrasts were subjected to second-level, random effects group analyses.
Statistical Analyses
We performed channel-wise statistical analyses of oxy-Hb signals. Specifically, for control subjects who underwent measurement only once, the oddball versus baseline contrast of the session was generated. For ADHD subjects, the following contrasts were generated: (1) premedication contrasts: oddball versus baseline contrast of the premedication conditions (either placebo or ATX administration); (2) postmedication contrasts: oddball versus baseline contrast of the postplacebo and post-ATX conditions; (3) intramedication contrasts: difference between post-and premedication contrasts for each medication (i.e., placebo post-pre and ATX post-pre contrasts); and (4) intermedication contrast: difference between ATX post-pre and placebo post-pre contrasts.
Based on our previous observations of control subjects exhibiting right prefrontal and parietal activations in the oddball versus baseline contrast, we set two channels (right CH 10 and 22) as regions of interest (ROI). We first confirmed this assumption in the current set of control subjects and analyzed oddball versus baseline contrasts using a paired t test (two-tails). We set the statistical threshold at 0.05 with the Bonferroni method for family-wise error correction.
For the thus-confirmed ROI, we compared the following three ADHD contrasts with the control: (1) premedication, (2) postplacebo, and (3) post-ATX. Independent two-sample t tests (two tails) with a statistical threshold of p < 0.05 were performed.
To examine the medication effects on ADHD subjects, we compared intra-ATX with intraplacebo contrasts (i.e., intermedication contrast) for the ROI using a paired t test (two-tails) with a statistical threshold of p < 0.05.
For all statistical analyses, we used the SPSS software package (version 18 for Windows; SPSS Inc., Chicago, Illinois, USA).
Results
Behavioral Performance
We have summarized the averages of RT, omission error rates, and commission error rates for target trials in the oddball block for control and ADHD subjects as well as ADHD intermedication (ATX post-pre versus placebo post-pre ) comparisons in Tables 2  and 3 .
Control-subject RT for correct trials were significantly shorter than those of premedicated (paired t test, p < 0.05,
and post-ATX (paired t test, p < 0.05, Bonferroni-corrected, Cohen's d ¼ 1.103) ADHD subjects. These results suggest that while RT for correct trials represented the slower behavioral performance of premedicated ADHD children well, it was not normalized by administration of ATX.
Control-subject commission error rates for target trials were not significantly lower than those of premedicated (paired t test, p > 0.05, uncorrected) ADHD subjects, and were marginally lower than those of postplacebo (paired t test, p < 0.05, uncorrected, Cohen's d ¼ 0.911) and post-ATX (paired t test, p < 0.05, uncorrected, Cohen's d ¼ 0.927) ADHD subjects. These results suggest that commission errors for target trials failed to represent presumably lower behavioral performances in premedicated ADHD children and, thus, do not provide any relevant information about the normalization effect of ATX.
Control-subject omission error rates for target trials were marginally lower than those for premedicated (paired t test, p < 0.05, uncorrected, Cohen's d ¼ 0.871) and post-ATX (paired t test, p < 0.05, uncorrected, Cohen's d ¼ 0.800) ADHD subjects, and significantly lower than those for postplacebo (paired t test, p < 0.05, Bonferroni-corrected, Cohen's d ¼ 0.911) ADHD subjects. These results suggest that omission error rates partially reflected the less-correct behavioral performance of premedicated ADHD children, but failed to indicate normalization by ATX administration (Table 2) .
Within-ADHD-subject analysis revealed no significant differences in the intermedication contrast comparing the effect of ATX with that of the placebo (Table 3) . Namely, no parameters indicated behavioral improvement due to ATX over the placebo.
fNIRS Analyses
Confirmation of ROI was performed in control subjects of the current study. As assumed, significant oxy-Hb increase was found in the right CH 10 (mean 0.065, SD 0.056, p < 0.05, Bonferroni-corrected, Cohen's d ¼ 1.172) and the right CH 22 (mean 0.067, SD 0.062, p < 0.05, Bonferroni-corrected, Cohen's d ¼ 1.081). Thus, the right CH 10 and 22 were confirmed as ROI for the rest of the study (Table 4) . The right CH 10 was located in the border region between the right MFG and IFG (MNI coordinates x, y, z (SD): 45,44,31 (15) , MFG 78%, IFG 22%; Table 5 ), and the right CH 22 was located in the border region between the right angular gyrus and the right supramarginal gyrus (MNI coordinates x, y, z (SD): 57, −58, 46 (19) , angular gyrus 96%, supramarginal gyrus 4%; Table 5 ) with reference to macroanatomical brain atlases (Table 5) . 54, 56 Effects of medications were investigated between control and premedicated ADHD subjects, between control and postplacebo ADHD subjects, and between control and post-ATX ADHD Table 4 ). This suggests that right parietal activation was normalized by the effect of ATX, while a placebo effect was also present.
Finally, we examined whether there were ATX-or placeboinduced right prefrontal and parietal activations in ADHD subjects. In the intermedication contrast, we found significant activations in the right CH 10 (paired t test, p < 0.05, Cohen's d ¼ 1.032) and the right CH 22 (paired t test, p < 0.05, Cohen's d ¼ 0.633; Table 6 ). These results suggests that (1) the oxy-Hb signal increase during oddball tasks in CH 10 was induced by ATX but not by the placebo and (2) a signal increase in CH 22 was induced by both ATX and the placebo but the effect of ATX was greater than that of the placebo.
Oxy-Hb Timeline Data
The grand-average waveforms for all 15 control subjects and 15 ADHD subjects can be seen in Fig. 3 . For ADHD, the oxy-Hb and deoxy-Hb signals for pre-/postplacebo and pre-/post-ATX conditions for CH 10 and CH 22 of the right hemisphere are displayed. While task-related changes were stably observed in oxy-Hb signals, they were insufficiently visible in deoxy-Hb signals, demonstrating the robustness of oxy-Hb signals for our experimental conditions. Oxy-Hb increases in the right CH 10 and 22 were clearly observed for control subjects and for post-ATX ADHD subjects in the grand-average waveforms.
Discussion
Overview
The current study used fNIRS to explore the neural substrate for the effects of ATX medication on attentional control in schoolaged ADHD children. First, as in our previous studies, we confirmed that healthy control subjects performing an oddball task reflecting attentional functions recruited the right IFG/MFG and IPL. Second, ATX administration normalized the right IFG/MFG and IPL activation in age-, gender-, and IQ-matched ADHD children. The intermedication comparison further validated this normalization effect. These results confer a clear answer to our experimental question: in attentional control, ATX-mediated normalization is not limited to right prefrontal dysfunctions, but also extends to parietal dysfunctions. 
Behavioral Performance for Oddball Task
An oddball task is commonly used to assess attentional function. It generally requires subjects to extract an infrequently presented target (oddball) out of a sequence of frequently presented standard stimuli. 57 Oddball tasks are considered to involve top-down attention drawn to standard stimuli as well as additional selective attention targeted toward deviant events that may interfere with ongoing focused attention. However, the deviation is normally transient, and top-down attention is restored for ongoing stimuli after evaluation of the deviant event.
Various parameters available in the oddball paradigm enable the evaluation of detailed facets of attentional controls. [58] [59] [60] [61] [62] [63] [64] [65] Inattention is reflected in omission errors (failure to respond to the target). On the other hand, impulsivity is reflected in commission errors (failure to respond appropriately to the nontarget), as well as in RT for nontarget responses.
However, in the current study, we did not detect normalization or upregulation of all behavioral parameters (average RT for correct trials, commission error rates, and omission error rates for target trials; see Tables 2 and 3 ). Thus far, we have observed inconsistency in behavioral data for ADHD children: our previous studies showed performance impairment in ADHD children compared with control subjects. 27 However, our fNIRS studies have consistently exhibited hypoactivation in the right MFG/IFG and right IPL in premedicated ADHD children without corresponding behavioral effects.
Taken together, these results suggest that although behavioral parameters may often well reflect specific cognitive aspects of ADHD symptoms or ATX effects on those symptoms, consistent confirmation of the ATX effect cannot be made with behavioral parameters. Since, to date, there are no studies employing ATX-related neuroimaging during oddball tasks, further investigation is needed in order to gauge the reliability of behavioral parameters in neuroimaging examinations.
fNIRS Examination of Oddball Task and ATX Effects
A wealth of studies using different modalities, including fMRI, electroencephalography (EEG), and event-related potential (ERP), have explored the neural correlates of attentional control using oddball tasks. 57 Generally, examinations of healthy subjects have demonstrated that oddball tasks elicit several brain activation points in a network involving the bilateral superior, inferior, and dorsolateral prefrontal cortices, the supplementary motor area, the anterior cingulate gyrus, the parietal and temporal lobes, the caudate nucleus, and the amygdala (e.g., Refs. 66 and 67). Among these regions, our fNIRS measurements detected cortical activations during an oddball task at the border of the right MFG, IFG (BA 9/44/45/46), and angular gyrus (BA 39) in control subjects. Previous studies have demonstrated that the MFG, IFG, and angular gyrus constitute the attentional system and have extensive reciprocal connections. 68, 69 These networks are thought to play an important part in the executive control needed to guide goal-directed and stimulus-driven attention. 70 There are also many recent fMRI and ERP studies of healthy adults, providing experimental evidence for involvement of the prefrontal and parietal networks using oddball tasks. 57, 67, [71] [72] [73] [74] [75] [76] [77] [78] Thus, we can conclude that our current fNIRSbased study appropriately detected activations in the attentional network between the prefrontal and parietal cortices in control subjects.
On the other hand, an fMRI study of ADHD children in comparison to control children has indicated reduced functional connectivity among the IFC, basal ganglia, parietal cortices, and cerebellum during sustained attention, 79 which may indicate that dysfunctions are not limited to specific brain regions, but involve the whole fronto-striato-parieto-cerebellar network underlying sustained attention processes.
In the current study, we confirmed the absence of right fronto-parietal activations in premedicated ADHD children, as in our previous study. 27 These observations coincide with the results of an fMRI study 80 by indicating reduced activation and functional interconnectivity in the bilateral fronto-striatoparieto-cerebellar networks during a continuous performance task under a placebo condition for ADHD children. Thus, our results add to the experimental evidence for dysfunction of the attention-associated regions in ADHD children.
The impaired right prefrontal and inferior parietal activations were significantly normalized by ATX administration in ADHD children. Although a placebo effect was found in the parietal normalization, we confirmed that the effects of ATX significantly surpassed those of the placebo as revealed by the intermedication contrasts both in the right IFG/MFG and IPL channels (Table 4) . Thus, the current results suggest that ATX administration leads to functional normalization of right prefrontal and inferior parietal activations of the attention network in ADHD children.
By comparison, in our previous study using the same protocol, MPH-induced functional normalization of attentional control in ADHD children was associated solely with right prefrontal activation, but did not extend to the inferior parietal cortex to activate wider components of the attention network. In addition, the failure of MPH to affect the inferior parietal regions is not limited to our former study. Shafritz et al. (2004) reported that the reduced middle temporal activation in ADHD adolescents compared to control subjects was not normalized by MPH administration. 81 The differences between ATX-and MPH-induced normalization appear relevant when considering the pharmacological effects of both substances. ATX, an approved nonstimulant medication used to treat ADHD, is a selective NA reuptake inhibitor 21 with a predominantly higher affinity to DA than to NA transporters. 19 Given the prevalence of NA neurons in the right IFG/MFG and IPL innervating from the locus coeruleus, 22 ,27 it appears relevant that normalization of cortical activation in ADHD children occurs in the right IPL with ATX administration. On the other hand, MPH is known to affect both DA and NA systems, 82, 83 but has a 10-fold higher affinity to DA than to NA receptors, 19 resulting in by far larger effects on the DA system. Given the predominant distribution of DA neurons in the right IFG/MFG reflecting the fronto-striatal DA system but not in the right IPL, 20, 22 it is reasonable that MPH-induced normalization of the cortical activation in ADHD children occurs solely in the right IFG/MFG.
We could conclude that, when taken together, the current fNIRS results illustrate the specific neuropharmacological mechanism of ATX underlying the functional normalization of the attention network components. Furthermore, these results extend the conclusions of our previous fNIRS studies revealing ATX-and MPH-induced normalization in the right MFG/ IFG: 25, 26, 28 fNIRS-based measurement can distinguish between neural substrates of the DA and NA systems differentially involved in inhibitory and attentional controls.
Placebo Effect in the Right IPL
Interestingly, we observed a placebo effect in the right IPL. In the right CH 22, while the oxy-Hb signal in control subjects was marginally higher than that in premedicated (paired t test, p < 0.05, uncorrected, Cohen's d ¼ 0.756), no significant difference was found either between control and postplacebo ADHD (paired t test, p < 0.05, Cohen's d ¼ 0.428) or between control and post-ATX ADHD subjects (paired t test, p < 0.05, Cohen's d ¼ 0.658) ( Table 4 ). In addition, the effect sizes (ES: Cohen's d) were examined. For the postplacebo contrast, oddball versus baseline in the right CH 22 had an ES of 0.428 (right CH 10: −0.153), and for the intramedication contrasts, post-versus preplacebo in the right CH 22 had an ES of 0.140 (right CH 10: −0.478). However, the effects of ATX were greater than those of the placebo, and thus, confirmed the effect of ATX, a placebo effect was present.
This observation of a placebo effect was novel within the series of our studies employing double-blind, placebocontrolled, crossover designs. [26] [27] [28] Also, former fMRI studies with similar experimental designs have not observed placebo effects. However, EEG studies on psychostimulants 84 and antidepressants 85 have demonstrated that the placebo effect is present in ∼30% of patients. Although elucidation of the specific reason for placebo-induced neuroactivation is beyond the scope of the current study, the current results lead us to believe that when exploring pharmacological effects using neuroimaging modalities, double-blinded, placebo-controlled studies should be adopted to exclude placebo effects.
Conclusion
The current study examining the effects of ATX administration on the attentional control of ADHD children using a doubleblind, placebo-controlled, crossover design provided the following major findings: (1) Impaired right IFG/MFG and IPL activation was acutely normalized after ATX administration in ADHD subjects. (2) Compared to placebo-induced activation, ATX-induced right IFG/MFG and IPL activations were significantly greater. These experimental results are consistent with the neuropharmacological effects of ATX to upregulate the NA system in the locus coeruleus noradrenergic system associated with attentional function in the right IFG/MFG and IPL. This is in contrast to the effects of MPH on attentional control, which induced only right prefrontal activation and may reflect upregulated functions of the DA system in the right prefrontal cortex. These findings led us to conclude that fNIRS-based measurement is sufficiently sensitive to dissociate the neuropharmacological functional differences of ATX and MPH during different cognitive operations, at least at a group level. Furthermore, activation in the right IFG/MFG and IPL could serve as an objective neurofunctional biomarker to indicate the effects of ATX, as well as MPH in the case of IFG/MFG activation, on attentional and inhibitory controls in ADHD children. Further exploration with individual-level analysis will strengthen the clinical utility of fNIRS-based measurement for the functional, neuropharmacological monitoring of ADHD children. Figure 4 demonstrates the cortical activation pattern of control subjects and ADHD subjects (uncorrected). Table 7 shows the spatial profiles of the channels screened for involvement with oddball tasks (uncorrected).
Appendix
Cortical activation patterns of control subjects [ Fig. 4(a) ] and ADHD subjects [ Fig. 4(b) ] are shown as t maps of oxy-Hb (b) (a) signal, with significant t values (one-sample t test, p < 0.05 uncorrected) being shown according to the color bar. We screened for any channels involved in the oddball task for the control subjects. A significant increase was found in five channels on the right hemisphere (CH 5, 10, 15, 21, and 22). Among these channels, the right CH 10 in the right prefrontal and CH 22 in the right parietal cortices exhibited the most significant activation and were the only channels remaining after family-wise error correction (CH 10, mean 0.074, SD 0.080, p < 0.05, Bonferroni-corrected, Cohen's d ¼ 0.915 and CH 22, mean 0.050, SD 0.077, p < 0.05, Bonferroni-corrected, Cohen's d ¼ 0.658). Therefore, the right CH 10 and CH 22 were determined as the channels of interest in the main analyses. In ADHD subjects, significant ATX effects on the oxy-Hb increase were found in three channels on the right hemisphere (CH 10, 15, and 22). We found that no channels were activated in the pre-ATX condition, but that the right post-and precentral gyri (CH 7, p < 0.05, uncorrected) were activated in the preplacebo condition. In addition, the left middle and superior temporal gyri were significantly activated in the postplacebo condition (CH 17, p < 0.05, uncorrected), while significant activation was found in the right prefrontal and parietal regions in the post-ATX condition (CH 10, 15, and 22, p < 0.05, uncorrected). The marginal activations in the right inferior and middle temporal gyri in the pre-/postplacebo condition might reflect compensatory or placebo activations specific to ADHD children, but further studies are necessary to examine the reproducibility and underlying functional mechanisms of these results. Takanori Yamagata received his medical degree from Japan in 1986 and his PhD from Jichi Medical University, Japan, in 1993. He was a research associate in the Department of Molecular and Human Genetics, Baylor College of Medicine, USA, from 1997 to 2000. He is currently a professor and the chairman of the Department of Pediatrics, Jichi Medical University, Japan. His research interests include studies on the molecular pathogenesis of autism spectrum disorder, a neurodevelopmental disorder.
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